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ABSTRACT 

A mercury-vapor-fed hollow cathode of the type used in SERT I1 Kaufman thrusters  
was operated in a bel l  j a r .  Voltage-current character is t ics  and ranges of mercury flow 
ra te  and anode distance were determined for  the principal observed discharge modes of 
''spot'' and "plume" with discharge currents  ranging up to 3 amperes .  Plasma poten- 
tial, electron density, and electron temperature in the uniform potential external dis-  
charge were measured by Langmuir probe techniques. Tentative theoretical models of 
potential distribution a r e  suggested and discussed for  the two modes. 

ii 



CONTENTS 
Page 

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 

APPARATUS AND PROCEDURE . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
Hollow Cathode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
Facility and Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
Langmuir Probes and Probe Circuit . . . . . . . . . . . . . . . . . . . . . . . . .  4 
Anode Distance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 
Starting and Transfer of Discharge . . . . . . . . . . . . . . . . . . . . . . . . .  5 

EXPERIMENTAL RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 
Observed Modes of Operation: Vi sua l  Appearance of Discharge . . . . . . . . . .  5 
Ranges of Modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 
Discharge Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 
Langmuir Probe Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 

DISCUSSION OF RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
SpotMode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 

Comparison of Estimated Atom Density and Electron Density . . . . . . . . . . .  10 
Flow Density of Fast Electrons . . . . . . . . . . . . . . . . . . . . . . . . . . .  11 
Emission Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14 

PlumeMode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 

CONCLUDING REMARKS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14 

APPENDIXES 
A -SYMBOLS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16 
B . LANGMUIR PROBE DATA ANALYSIS . . . . . . . . . . . . . . . . . . . . . .  18 
C . ESTIMATION OF DENSITIES FOR NEUTRAL EFFLUX . . . . . . . . . . . .  19 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  22 

iii 

- . . .  . . . . .  



MEASUREMENTS OF SOME PROPERTIES OF A 

DISCHARGE FROM A HOLLOW CATHODE 

by George A. Csiky 

Lewis Research Center 

SUMMARY 

The discharge from a mercury-vapor-fed hollow cathode was studied. The cathode 
was of the small-orifice (0.015-cm-diam) type used in the SERT I1 electron bombardment 
ion thruster both as main cathode and neutralizer. The discharge was operated between 
the cathode and a planar anode at a few centimeters distance. The system was se t  up in 
a bell jar in which the operating pressure was of the order  of to r r .  

Various modes of operation were observed. The two principal modes were those 
known as the 'lspot*' and the "plume" mode. A third mode was recognized as a variant 
of the plume mode with a higher voltage for a given current. Voltage-current discharge 
characteristics were obtained for  each mode, and the approximate limits of the ranges 
of operating conditions were found. A discharge current range up to 3 amperes was 
covered. 

Langmuir probe measurements showed a nearly equipotential plateau of about 
11 volts above the cathode potential extending over the bulk of the discharge region for 
both principal modes. 
obtained from Langmuir probe t races  at various positions in the discharge. 

For the 
spot mode, it appears likely that the near equipotential plateau of the external discharge 
region penetrates well into the orifice region. 
tion appears to take place mostly inside of, or near, the orifice, and a well-ionized 
plasma flows out of the cathode. 

The plume mode is probably characterized by the edge of the equipotential plateau 
being at o r  near the orifice exit plane. Only a few of the electrons accelerated through 
the cathode sheath will produce ionization before escaping the vicinity of the cathode, so 
that additional ionization takes place in the luminous plume. 

An understanding of the manner in which potential gradients form in a discharge 
f rom a hollow cathode will aid in the proper design of the ion chamber geometry and 
thereby increase thruster efficiency with this type of cathode. 

Values for  electron densities and electron temperatures were also 

Tentative theoretical models were established for  the two principal modes. 

When this condition is satisfied, ioniza- 



INTRODUCTION 

A variety of electrical discharge devices use cathodes in which the discharge origi- 
nates from a cavity. They a r e  known as hollow cathodes (ref. 1) and they may operate 
under varied conditions of vapor densities and discharge currents and voltages. 

The use of vapor-fed hollow cathodes both as a plasma-bridge neutralizer and as the 
ion chamber electron source has been advantageous in mercury bombardment ion thrust- 
ers (ref. 2). Such hollow cathodes require lower power for operation, have long-expected 
life, and can be pretested prior to a flight application. The optimum adaptation of a 
hollow cathode for both applications was  intensively investigated in the course of the de- 
velopment of the SERT II experimental thruster (refs. 3 and 4). The demonstrated use- 
fullness of the hollow cathode for the bombardment thruster makes it desirable to under- 
stand the detailed physics of its operation as either neutralizer or ion chamber electron 
source. The experimental measurements and theoretical calculations presented in this 
report are aimed toward a fundamental physical understanding of hollow -cathode operation 
in the regimes of interest for  thruster applications. 

cathodes (e. g. , refractory metal ribbon, or oxide magazine) in several important ways. 
The hollow cathode is a source of mercury atoms, as well as of electrons. A pressure 
gradient of several orders  of magnitude exists just outside the hollow-cathode orifice as 
mercury vapor expands into a region of low pressure. With the hollow cathode, electron 
injection into the main discharge region is confined to a much smaller area than with 
other types of cathodes. 

from those produced by conventional cathodes. For example, it was necessary to intro- 
duce a baffle in the discharge chamber of the electron bombardment thruster to obtain 
good performance when the discharge was  fed by a hollow cathode (ref. 4). 

of both the operation of hollow cathodes as well  as their interactions with other electric 
thruster components. This report presents voltage -current discharge characteristics 
obtained with an unconfined vacuum discharge operated between a hollow cathode and a 
planar anode. Discharge currents were investigated over the range from 0 . 1  milliam- 
pere to 3 . 0  amperes, while cathode-anode spacings from a few millimeters to more 
than 7 centimeters were used. In addition to the overall voltage -current performance, 
Langmuir probes were used to determine electron density and temperature within the 
discharge at an anode-cathode spacing of 3 centimeters. 
system) a r e  used throughout this report. All symbols a r e  defined in appendix A. 

A hollow cathode of the type used in the ion thruster differs from conventional 

The properties of the external discharge obtained from a hollow cathode also differ 

The properties of this external discharge are of interest fo r  improved understanding 

SI units (rationalized mks 
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APPARATUS AND PROCEDURE 

.Hollow Cathode 

A sketch of the longitudinal cross  section of the hollow-cathode tip is shown in 
figure 1. 
tube with a 0. l-centimeter -thick, 2 -percent-thoriated tungsten-alloy disk attached to 
?ne end by electron-beam welding. A small  orifice was cut in the center of the tungsten 
disk by a sandblasting process. The sandblasting usually made the exit (downstream) 
diameter slightly larger  than the entrance (upstream) diameter. The measured diame- 
t e r s  on the tip used were 0.015 centimeter upstream and 0.025 centimeter downstream. 
An insert  placed inside the tantalum tube facilitated starting the discharge. The inser t  
was made of a 0.001-centimeter-thick tantalum foil coated with a barium carbonate mix- 
ture and rolled into a spiral. A cut in the inser t  formed a cavity of about 0.07 centime- 
ter  in diameter and 0.15 centimeter long behind the orifice. The axial channel through 
the inser t  was about 0.05 centimeter in diameter. The cathode tube was externally 
heated electrically by a tungsten-rhenium wire embedded in a flame-sprayed coating of 
aluminum oxide. 

The tip assembly consisted of a 0.32-centimeter outside-diameter tantalum 

\ 

Faci l i ty and Experimental Setup 

The experiments were conducted in a 45-centimeter -diameter bell jar evacuated by 
an  oil diffusion pump. With a liquid-nitrogen cold trap, the bell jar base pressure was 
approximately 5 ~ 1 0 ~ ~  tor r ,  and increased typically to about 1X10-6 to 5X10-6 tor r  as 
mercury flow w a s  added. These were indicated gage readings with no correction made 
for the presence of mercury. Figure 2 shows the relative location and dimensions of 
the cathode, anode, keeper electrode, and vaporizer. 
cathode apparatus mounted in a bell jar. About 10 wraps of 0.001-centimeter-thick 
tantalum foil about the cathode served as heat shielding. 
like keeper electrode was mounted close to the cathode tip to initiate the discharge and 
help maintain it electrically stable. 
tantalum wire formed in a loop of 0.6-centimeter inside diameter and was placed in a 
plane about 0.23 centimeter from the orifice. 

varied. 
centimeter-diameter circular stainless-steel disk was used as the anode. When the 
probe data were taken, this anode was replaced by one consisting of annular segments 
mounted on a boron nitride plate. The segments were 1 centimeter wide with outside 
diameters of 1, 2. 5, 4.0, 5. 5, and 7.0 centimeters, respectively. The segmented 

Figure 3 is a photograph of the 

Except where noted, a ring- 

The keeper was made of 0. 16 -centimeter -diameter 

The anode was in front of the cathode, directly facing it, at a distance that could be 
For the runs during which discharge characteristics were studied, a 14- 
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anode had been installed for  other experiments that are not reported herein. Compara- 
tive tests showed that the difference between the solid disk and the segmented anode 
was not a significant factor in  the interpretation of the data in this report. 

Mercury was fed to the cathode by a temperature -controlled porous -tungsten vapori - 
zer  of the type used to feed the neutralizer in the SERT II thruster  (ref. 2). The mercury 
was supplied from an  external precision-bore calibrated glass  tube. The average flow 
rate was determined from periodic readings of the mercury level. 

Figure 4 is an  electrical  circuit schematic of the experimental setup. The discharge 
power supply was provided with both voltage and current limiting controls. The keeper 
supply was designed to drop from a high starting voltage to a low operating voltage when 
the discharge to the electrode started. In the tes ts  where the keeper was not used and 
the discharge was lit directly to  the main anode, the 500-volt supply was used parallel 
with 'the anode supply with appropriate switching connections. 

Langmuir  Probes and Probe C i r c u i t  

The discharge was probed with a cylindrical Langmuir probe. The active a r e a  of 
the probe was a 0.3 -centimeter -long exposed length of a 0.0076-centimeter -diameter 
tungsten wire. 
f rom the interior of a quartz tube with a thin gap between the wire and the quartz. This 
gap prevented conduction of current to the probe by any deposit that might possibly form 
on the insulator. The long axis of the wire was perpendicular to the long axis of the 
cathode. 

sistor was used to bias the probe with respect to the grounded cathode. A s  the bias 
voltage was varied, an x-y recorder traced out the probe voltage -current characteristic. 

The probe construction is shown in figure 5. The probe wire extended 

Figure 6 shows the probe circuit schematic. A 90-volt battery with a variable re- 

Anode Distance 

When the discharge voltage -current characteristics were studied at various anode 
distances, the keeper electrode was absent and the axial anode position was variable 
through manual movement of a shaft. The discharge was started directly to the anode 
that was about 0 .2  centimeter f rom the cathode tip. Once the discharge was lit, it could 
be maintained over the full range of the anode distance variation, that is, up to 7.2 cen- 
timeters. 

The use of the keeper electrode was  necessary to s t a r t  the discharge during these tests. 
For taking the probe data, a fixed main anode distance of 3 centimeters was used. 
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The position of the probe was axially and laterally variable. 

Star t ing and Transfer of Discharge 

For starting the discharge, the cathode tip was heated to about l l O O o  C. A potential 
of 300 volts was applied to the keeper (or to the main anode at a near position, when the 
keeper was absent). Mercury vapor flow was started by heating the vaporizer. The dis- 
charge usually started with a flow between 10 and 50 equivalent milliamperes (the current 
that would exist if each atom carried one electronic charge). Occasionally, higher flow 
and higher cathode temperatures were required to start the discharge. Transfer of the 
discharge to the main anode was accomplished simply by applying potential to the main 
anode. While the keeper was running, it was usually adjusted to draw about 0.1 ampere. 
The typical corresponding keeper voltage was about 10 volts. 

EXPERIMENTAL RESULTS 

Observed Modes of Operation: Visual  Appearance of Discharge 

Early in  the experiments, it was observed that at least  three distinctly different 
modes of operation could be obtained depending on the value of the neutral flow, the cath- 
ode to anode distance, and the discharge circuit variables. In the highest current mode, 
the discharge was not visible except for an intense bluish white spot just downstream of 
the orifice, extending only a few millimeters. This has been referred to as the "spot" 
mode (ref. 5) and is shown in figure 7(a). 
limited in the spot mode, with only a low voltage required. A typical value was 2 . 0  am-  
peres  at 13.5 volts. 

plume of blue plasma extending forward in a cone several  centimeters from the cathode 
orifice, as shown in figure 7(b). Sometimes 
currents comparable to the spot mode could be drawn in the plume mode with voltages 
of about 40 to 50 volts. More often, however, drawing a high current resulted in sudden 
transition into the spot mode. Conversely, attempting to operate the spot mode with a 
.low current brought about a drop into the plume mode. 
operated by limiting the voltage to approximately 35 volts which would result  in a current 
of about 0.3 ampere. 

With very low neutral flows and/or large anode distances, a third mode was found. 
In this mode, only up to 0.3 ampere of discharge current flowed at 60 volts. It had the 

The power supply was operated current-  

A generally lower current (or higher voltage) mode was characterized by a visible 

This mode is called the "plume" mode. 

The plume mode could be stably 
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appearance of a low-intensity plume mode. 

Ranges of Modes 

Figure 8 shows the approximate ranges of anode distance and neutral flow in which 
the various modes were obtained. Low neutral flows and large anode distances tend to 
lead to the plume mode, while high flows and short  distances generally result  in the spot 
mode. A region of overlap is shown between the spot and plume modes. In that overlap 
region, stable operation of either mode is possible over an appreciable range of discharge 
currents.  At o r  below 20 milliamperes of neutral flow, it was difficult to maintain any- 
thing but a high-voltage plume mode at medium or long anode distances. At very short  
dista'nces, however, the spot mode was obtained. 

Discharge Character ist ics 

Figure 9 presents a typical voltage -current discharge characteristic for each mode. 
The spot mode is seen to run at consistently low voltage. The characteristic has a low 
slope; that is, a large increase in current is obtained for small  voltage increments. 
The plume mode characteristic curve has  a minimum. To the right of the minimum, the 
curve is approximately parallel to that of the spot mode: to the left, there is a rapid 
r i s e  in  voltage with decreasing current. The characterist ic curves for the third mode, 
the high-voltage-plume mode, range up to 0.3 ampere with voltages between 2 5  and 60 
volts. For comparison, one such characteristic is shown in the upper left corner of 
figure 9. 

Langmuir  Probe Data 

For the Langmuir probe runs, the anode distance was fixed at 3 centimeters. The 
neutral flow was between 45 and 55 equivalent milliamperes. The bell jar pressure was 
about 3X10-6 torr .  Langmuir probe t races  were obtained at various probe positions 
along the symmetry axis of the discharge and at some positions off-axis, 
corder probe t races  were transferred to semilogarithmic paper. Typical semilogarith- 
mic plots of t races  for the two major modes a r e  shown in figure 10. Appendix B de- 
scribes briefly how such plots a r e  interpreted to yield values of electron density, plasma 
potential, and electron temperature. It should be emphasized that while plasma poten- 
tial and electron temperature can be  obtained fair ly  accurately, values for  electron 

The x-y r e -  
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density, as obtained graphically, may be in e r r o r  by as much as 40 percent. For the 
calculations in this report, though, this accuracy is more than sufficient. Comparison 
of the two curves in figure 10 shows a wider rounding off of the knee in  the plume mode 
than in the spot mode. This is generally indicative of greater fluctuations, or "noise, f f  

in the plasma. An oscilloscope check confirmed that the plume mode contained fluctua- 
tions of about 1000 cps, while the spot mode was quiet. 

In figures 11, 12, and 13 the values of electron density, plasma potential, and elec- 
tron temperature, as determined from probe traces,  are plotted as a function of position. 
Part (a) of each figure shows the variation of the parameter along the symmetry axis for 
each mode. Parts (b) are radial  plots for  the spot mode in a plane normal to the axis and 
1 centimeter distant f rom the cathode tip. Radial plots for the plume mode were not ob- 
tained because, for  the low electron densities at the off -axis positions, interpretation of 
the probe t races  became uncertain. 

DISCUSSION OF RESULTS 

A satisfactory theoretical model for the steady-state operation of a hollow cathode is 
not available at present. Such a model would describe the electron emission mechanism, 
the flow and spatial density distribution of electrons, ions, and neutrals, the form of the 
potential gradients, and ion formation in the discharge. 

The data obtained in this investigation serve to answer par ts  of the total problem. 
The following paragraphs describe tentative models for  the spot mode and the plume mode 
based on the experimental probe data and an estimate of the vapor density inside the hol- 
low cathode and in  the region between the cathode and anode. The details of the calcula- 
tions a r e  given in subsequent sections. 
modes a r e  summarized in table I. 

For both modes, the potential in the main body of the discharge has been found to be 
uniform, typically at about 11 volts above the cathode. It is perhaps significant that, in 
both modes, the plasma formed at a potential that barely exceeded the first ionization 
potential of mercury (10.4 V). The boundary of this nearly equipotential plateau where 
the potential gradient becomes appreciable, will be called the t f  sheath edge. " Further 
discussion will show that the position where the sheath edge forms near the cathode hole 
or inside it, appears to be a determining characteristic of the modes. 
experiments no probe measurements could be made closer than 0.5 centimeter to the 
cathode, and thus the position of the sheath edge can only be inferred. 

The main features of the discharge in the two 

However, in  these 
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The thickness of the sheath over the cathode surface is of the order  of the Debye 
length, 

given in mks units, where Ve is the electron temperature, and ne is the electron num- 
be r  density. 

Figure 14 shows two hypothetical sheath-edge positions in the c ross  sections of a 
hollow-cathode orifice channel. It is suggested that they a r e  characteristic of the two 
modes, as indicated. 

Spot Mode 

The spot mode is characterized by a generally greater  plasma density in the dis- 
charge region and a lower electrical  resistance of the discharge (defined as the discharge 
voltage divided by the discharge current). A higher ra te  of mercury flow, shorter 
cathode -to -anode distance, and a drawing of higher discharge current a r e  factors that 
tend to produce this mode. Apparently, a stable operation of the spot mode requires a 
sufficiently high discharge current and a relatively high vapor density both in the tip and 
in the discharge region. 

A high estimate of the Debye length for  conditions that may exist inside the hollow 
cathode in the spot mode (taking Ve(max) = 10 V and ne(min) = lo1’ electrons/m ) is 
7. 4x10-6 meters ,  about a thirtieth of the orifice diameter. If a sheath of this thickness 
is postulated in the hollow -cathode geometry, the equipotential plateau must be assumed 
to  penetrate fully into the hole and the cavity. The exact form of the potential gradient 
inside the cathode is not known. It is governed by the conditions in the plasma forming 
in the internal regions. However, it appears evident f rom calculations given in a later 
section on the Flow Density of Fast Electrons, that, for the spot mode, it is necessary t o  
assume that the sheath edge fo rms  deep enough in the cathode so that most electrons 
leaving the sheath a r e  trapped in  the orifice region. 

erated through the sheath to ionize before they leave the high-neutral-density region. 
The electron mean f ree  path for ionization collisions is 

3 

The position of the sheath edge postulated for the spot mode enables electrons accel- 
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1 =- e 
f i n o ,  

where n is the neutral density, and oe is the ionization c ross  section for  mercury. 

rapidly with electron energy above the ionization potential. Its value is about 
square meter (ref. 6) for  electrons that leave the cathode surface with negligible velocity 
and gain approximately 11 volts in the sheath. The excitation c ross  section at this energy 
is of the same order  of magnitude. 

in the orifice channel is about 
diameter (2X10-4 m). However, due to reflections from the sheath, fast electrons are 
trapped in the cavity long enough to produce ionizations there. This mechanism ex- 
plains - at least quantitatively - the higher electron density (thus higher degree of ion- 
ization) observed in this  mode. Moreover, since most fast electrons produce ionization 
or excitation inside or very near  the tip, the larger  portion of the discharge region be- 
tween cathode and anode is not luminous. The mean free path for  ion-neutral collisions 
is short enough (of the order  of m) so that many ions are probably carr ied out the 
hole assuring that the efflux is essentially a neutral plasma. 

The cross  section for  single ionization of neutral mercury atoms by electrons r i s e s  

Based on an  estimated density, n = atoms per cubic meter,  the mean f r ee  path 
meter,  which well exceeds the dimension of the orifice 

Plume Mode 

The plume mode has a lower electron number density than the spot mode and pre-  
sents a higher resistance path to the passage of the discharge current. Apparently, low 
vapor densities, or the drawing of insufficient discharge current causes the plume mode 
to prevail. 
gion between cathode and anode at about 11 volts with respect to cathode potential. How- 
ever,  the anode potential is much higher (e. g . ,  about 35 V to draw 0.3 A of discharge 
current). 

Tonks and Langmuir (ref. 7) point out that an  anode in a discharge will be at plasma 
potential only if the random electron current impinging on its surface equals the dis-  
charge current. Lf this random current is too low, there is a potential rise at the anode; 
if it is too large, there is a drop instead. The random current depends on the electron 
density and the electron temperature in  the vicinity of the anode, and also on the anode 
area. 

The plasma potential here  again is found nearly uniform in most of the re- 
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In the plume mode, the estimated Debye length in  the orifice, and hence, the cathode 
sheath dimension, appears to be of the same order  as the orifice dimensions. This leads 
one to postulate potential gradients such that the sheath edge spans the orifice, as sug- 
gested by figure 14(b). 

Kemp and Hall (ref. 5) measured floating emissive probe potentials inside and out- 
side a hollow cathode apparently operating in the plume mode. The discharge voltage 
was 30 volts for  a discharge current of 0.13 ampere.  They found that the potential was 
less than 2 volts in  the interior of the tip, and it rose sharply to 20 volts within about 0 .1  
centimeter outside the orifice where a nearly equipotential plateau started which extended 
almost up to the anode. This measured gradient is compatible with the sheath location 
indicated in figure 14(b). 

The calculation presented in a later section entitled Flow Density of Fast Electrons 
shows that, with such sheath geometry, only a few of the electrons accelerated through 
the sheath (which now comprises the entire interior of the tip) will collide with neutrals 
and ionize them near the cathode. Fast electrons may thus leave the close vicinity of the 
cathode and cause some ionization and excitation in  the region between cathode and anode, 
which is probably the cause of the luminous appearance of the discharge. 

Comparison of Estimated Atom Density and Electron Density 

In appendix C, the magnitude of the atom density and its spatial variation in the 
hollow-cathode efflux is estimated for  the absence of a discharge. It is shown there that 
the estimate is reliable, at least within a n  order  of magnitude, allowing for lack of ac -  
curate knowledge of the temperature inside the cathode and also allowing for  pressure 
variation over the length of the orifice channel. 

In the presence of a discharge, the atom density is still defined as the density of 
mercury atoms, including both ionized and neutral. In a region with much backstreaming 
of ions toward the cathode, the atom density may be appreciably higher than the value 
estimated for  a neutral efflux. However, in the external plasma region where the poten- 
tial gradients are small, the order -of -magnitude atom -density estimate is probably also 
valid when a discharge current is drawn. The degree of ionization in  the plasma can be 
inferred by comparing the local atom -density estimates with measured electron densities. 

Table II shows these values at various locations for  the two modes. The comparison 
in the table indicates that, in the spot mode, the degree of ionization may be as high as 
10 to 100 percent over the entire discharge region, while in the plume mode it is proba- 
bly at least a decade lower. It should be remembered that both sets of density data in- 
volve some uncertainty, thus the inferred degree of ionization can only be regarded as 
an  approximate indication. 
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Flow Density of Fast Electrons 

The sheath edge has been defined as a surface that separates the plasma potential 
plateau f rom a region of strong potential gradient known as the "sheath. '' For concrete- 
ness, one may regard the sheath-edge location as an equipotential surface slightly below 
the plasma potential. 

with sufficient kinetic energy to cause the removal of an  orbital electron. In a plasma 
maintained by a discharge, the electrons accelerated through the cathode sheath repre-  
sent the most important source of energy. 

tion of the flow density of fast electrons that leave the sheath edge. It is shown that, 
under the conditions prevailing in  these experiments, a large fraction of the electrons 
accelerated through the sheath would not be able to ionize within the path length between 
cathode and anode, if it is assumed that the plane of the sheath edge is essentially normal 
to the symmetry axis of the discharge. Further considerations have shown that a simi- 
lar situation prevails even if the sheath edge bulges inward from the exit hole, as long as 
multiple reflection of the electrons from the wal ls  of the orifice channel is not signifi- 
cant. 

rived from the electrostatic field, electrons must be accelerated over the full width of 
the sheath to about 11 volts. 
fast electrons leaving the surface in the direction of the normal. 
the particle f l u x  density (electrons/(m )(sec)) of fast electrons only. (Symbols and their 
definitions a r e  a lso listed in appendix C.  ) Ionizing and exciting collisions will constitute 
a sink for this  s t ream and je  will decrease with distance in the direction of the flow if 
neutral atoms are present. Elastic scattering may partly randomize this stream, but 
the scattered intensity predominates fo r  the forward direction. Neglecting this  effect 
and assuming a parallel  s t ream of fast electrons (i. e. ,  one-directional flow) result in 
the rate of change of the flow density je with distance, due to  "removals*' by ionizing 
and exciting collisions, 

Ionization by electron bombardment occurs when electrons collide with neutral atoms 

In this section, the estimated atom-density gradient is used to calculate the attenua- 

For mercury atoms to be singly ionized (ionization potential, 10.4 V) by energy de- 

Therefore, one may regard the sheath edge as a source of 
Let je be defined as 

2 

where x is the distance parallel  to electron flow. 
The neutral density n(x) is a strongly decreasing function of the distance x. It is 
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shown in appendix C that, in a reasonable approximation, the efflux may be considered to 
have a cosine distribution; therefore, Knudsen's equation (eq. (B10) of ref. 8) can be 
used to find the functional form of n(x). For simplicity, conditions along the symmetry 
axis are considered. On the axis, Knudsen's equation reduces to 

noVR2 

4(x2 + R2) 
j(x) = (4) 

where j(x) is the atom flow density, V is the average thermal velocity in the cavity, and 
R is the radius of the exit hole. At x = 0, the density is taken to be no, which may be 
regarded as a representative value of the density inside the hollow cathode. 

The neutral density n(x) at a point P(x) downstream on the symmetry axis is found 
from the continuity equation 

2 
2j(x) - noR n(x) = - - - 

V 2(x2 + R2) 

since the effective average thermal velocity in the x-direction is V/2. 

(the position where the sheath edge forms) to some arbi t rary point P(x) where the value 
of je(x) is desired (fig. 15 is a representation of the one-dimensional geometry used): 

Next, equation (5) is substituted into equation (3) and the result integrated from xs 

2 2  
X s  x + R  le:s) ;: xS OenoR2 2 Jx dx X 

-=-O./ n k = -  

At some large distance from the orifice, that is, where x >> R, the value for the fast  
electron flux density becomes 
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This represents a flow of those fast electrons, which fail to produce ionization even over 
a very long distance, with the form of neutral density distribution assumed. Since 
Deno M l/Aeo, where Xeo is the mean free path of the electrons in the cavity, the quan- 
tity 1/2 uenoR corresponds approximately to the ratio of the orifice radius to the mean 
f ree  path of the fast electrons in  the interior of the hollov cathode R/Xeo. 

In the work described in  this report, the value of R/Xeo was at most about 0.01. 
This makes the exponential of equation (9) very nearly 1 for any value of xs. This leads 
to the conclusion that, for  the estimated prevailing atom densities, if the sheath edge 
forms outside the orifice exit hole, only a small  portion of the electrons that have been 
accelerated through the sheath are able to ionize. Most of these electrons reach the 
anode or the bell jar walls without inelastic collisions. 

mode. Apparently, the relatively few collisions that do occur a r e  capable of maintaining 
the ion density of the plasma as well as producing the luminous appearance. 

cant. 
values of 1/2 uenoR based on equation (9). Examination of the figure shows that, for  
higher values of R/Xeo over some range of xs/R, generally between 1 and 10, there is 
a transition from a region where most of the fast electrons a r e  captured in ionization 
((xs/R) ,< 1) to a region where most of them are allowed to escape ((xs/R) ,> 10). 

ferent type of hollow cathode as the "electron beam mode, 
the lower limit of the ratio of "cathode fall distance to aperture size" at about 10. 
This observation agrees  with the indication of figure 16 if one identifies the mentioned 
ratio with xs/R. When xs/R is about 10 or greater,  this identification is certainly 
valid. 

trons is a significant process for only the plume mode. The absence of plume luminosity 
in the spot mode indicates that most of the emitted electrons have lost considerable en- 
ergy before entering the plume region. 
reflections inside the cathode orifice, makes the escape of fast electrons a negligible 
process in the spot mode. 

As  mentioned ear l ier ,  these conditions appear to correspond to the observed plume 

For higher values of R/Xeo, the te rm in parenthesis in equation (9) becomes signifi- 
In figure 16, the ratio je(m)/je(xs) is plotted against the ratio xs/R for various 

Davis, Walch, and Pinsley (ref. 9) describe the latter region of operation for  a dif- 
and for that mode they place 

In summary of this derivation, it should be emphasized that the escape of fast elec- 

This loss of energy, presumably due to multiple 
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Emission Mec h an ism 

These results fail to explain the electron emission from the walls of the hollow cath- 
ode. For the models assumed, it is necessary that f r ee  electrons be available in suf- 
ficient number at zero potential at the cathode surface. However, the presence of dis-  
sociation or thermal ionization in the plasma will  reduce this required number. Also, 
a small  contribution of electrons is to be expected from secondary electrons emitted 
f rom the walls on ion impact, even at low energies. It is generally felt that the enhanced 
emission of hollow cathodes must be explained by a combination of processes. 

CONCLUDING REMARKS 

A small-orifice, mercury-vapor-fed hollow cathode was operated in a bell jar. V a r -  
iation of mercury flow, anode distance, o r  discharge current resulted in various modes 
of operation. The spot mode was found to be associated with generally higher mercury 
flow, shorter anode distance, higher discharge current, and lower anode voltage, as 
compared with the plume mode. 

Langmuir probe measurements showed the plasma in the spot mode to be higher in 
electron density as well as in  degree of ionization than it was in the plume mode. Spot 
mode electron temperatures were about 1.0 to 1 .5  volts lower than corresponding values 
for the plume mode. However, the plasma potential with respect to the cathode was 
uniform over the bulk of the discharge region between the cathode and the anode and 
about equal for both modes (about 11 V) in spite of significant differences in anode po- 
tentials. 

have been suggested for  the spot and plume modes. The spot mode is described as hav- 
ing the equipotential plateau penetrate into the hollow-cathode interior. 
multiple reflections inside the cathode where the neutral density is high, and, therefore, 
a considerable degree of ionization is obtained. 

In the model for the plume mode, a potential gradient exists over most of the inside 
region of the cathode, and electrons that are accelerated out of the cavity only poorly 
ionize the neutral efflux, the density of which rapidly drops with distance outside the ca- 
thode. 

The purpose of this work was  to measure fundamental variables and make order-of - 
magnitude calculations to shed some light on the nature of the operation of the type of 

Based on the results of measurements and theoretical calculations, tentative models 

Electrons have 
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hollow cathode used in  ion thrusters.  The experimental and theoretical resul ts  pre-  
sented in this report  appear to explain some of the observed characteristics of hollow 
cathodes. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, October 2, 1968, 
120-26 -02 -06 -22. 
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APPENDIX A 

SYMBOLS 

A 

*Pr 
e 

je 
K 

k 

L 

ZD 

N 

NO 

m 

n 

e n 

n '  
0 

nl 
P 

R 

T 

ve 

2 area of orifice, m 

current collector area of cylindrical Langmuir probe, m 2 

electronic charge, 1.6X10-19 C 

neutral mercury flow to hollow cathode, atoms/sec 

discharge current, A 

current to probe, A 
atom flow density, atoms/(sec)(m 2 ) 

flow density of fast electrons, electrons/(sec)(m 2 ) 

Knudsen number 

Boltzmann constant, 1 . 3 8 ~ 1 0 - ~ ~  J/(molecule)(K) 

length of orifice channel, m 

Debye length, m 

mass  of mercury atom, 3 . 3 2 ~ 1 0 - ~ ~  

atom ar r iva l  rate,  atoms/sec 

atom ar r iva l  rate at upstream end of orifice channel, atoms/sec 
atom density, atoms/m 3 

electron density, electrons/m 3 

atom density in  hollow-cathode cavity for  molecular flow, atoms/m 3 

atom density in  hollow -cathode cavity, corrected for  nonmolecular flow, 
atoms/m 3 

atom density in  downstream end of orifice 

arbi t rary point labeled by coordinates 

orifice radius, m 

temperature, K 

electron temperature, V 

discharge voltage, V 
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*'pr 
- 
V 

X 

xS 

'av 

'e 

'eo 

A 

0 

difference in probe bias  voltage for  one decade of change in  current, V 

mean molecular velocity, m/sec 

distance from orifice exit hole center along symmetry axis, m 

value of x where sheath edge forms, m 

neutral mean free path, m 

average neutral mean free path for mercury atoms in orifice channel, m 

mean f r ee  path fo r  fast electrons with respect to exciting or ionizing collisions, m 

mean free path for  fast electrons with respect to exciting or ionizing collisions 
in hollow-cathode interior, m 

neutral c ross  section of mercury atoms, 7 . l X l O  -20 m2 

approximate first ionization (or excitation) c ross  section of mercury, 10-20 m2 
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APPENDIX B 

LANGMUIR PROBE DATA ANALYSIS 

At large negative probe potentials, a saturation ion current is drawn and no electron 
current. Over some region of moderate probe potentials, electrons of sufficient thermal 
energy reach the probe in spite of the retarding field. At and beyond plasma potential, a 
saturation electron current is drawn, which is much greater in  absolute value than the 
ion saturation current. 

The electron temperature is obtained from the electron current in the retarding re- 
gion. The value of this current is measured from a base line obtained by extending the 
ion saturation current line toward positive potentials. 

This current is plotted on the logarithmic scale of semilogarithmic paper against the 
corresponding voltage. Generally, a straight line is obtained over one to two orders  of 
magnitude. The straight line is a n  indication of a Maxwellian distribution of electron 
energies and the corresponding temperature expressed 

"pr ve = - 
2.3 

in  electron volts is given by 

(B 1) 

where AV is the change in probe voltage in  volts over a decade of change in current. 

curve are extended, and the coordinates of the intersection of the straight lines indicate 
approximately the value of the plasma potential and the electron saturation current. Be- 
cause of complicated effects involving a change in the sheath dimension around the probe 
as the probe potential is increased, it is often somewhat ambiguous how the extension of 
the upper portion of the curve should be drawn. This introduces considerable uncer- 
tainty in the saturation current. The uncertainty in the plasma potential is less  pro- 
nounced due to the steepness of the low portion of the curve, which is well defined. 

yields the electron number density given in mks units as 

Pr 
Next, straight portions of the semilogarithmic plot over and under the knee of the 

The value of the saturation electron current together with the electron temperature 

ne = 3.74X10 13 Jpr 

1/2 
AprVe 

where A is the active a r e a  of the probe and J is the saturation current to the 
probe. 

Pr Pr 
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APPENDIX C 

ESTIMATION OF DENSITIES FOR NEUTRAL EFFLUX 

The density variation of mercury vapor in the discharge region is estimated by con- 
sidering an efflux of neutral vapor from a cylindrical orifice channel 1 millimeter long 
and 0 . 2  millimeter in diameter but neglecting the slight taper of less  than 3' half-angle 
of the actual orifice used. Also, the external pressure in the bel1,jar (about torr)  
is considered negligible with respect to the pressure in the tip cavity. 

In the first approximation, one may consider a system in which an ideal gas of pres -  
sure  p in  a large container exhausts into vacuum through a small  orifice of radius R 
and of negligible length. The a r r iva l  ra te  N of atoms (in mks units) at the orifice plane, 
hence, the flow rate through such an orifice, is 

where the expression for  the average thermal velocity V has been used, T is the abso- 
lute temperature, k is the Boltzmann constant, m is the mass  of the mercury atom, 
A is the a rea  of hole, and n is the number density of atoms behind the orifice. This 
relation assumes f ree  molecular flow. 

Under the actual experimental situation, one wishes to examine the effect of orifice 
channel length and the possible discrepancy if conditions are such that the flow is other 
than f ree  molecular. An expression given by Dushman (ref. 10) re lates  the arrival rate  
at the exit hole which must equal the measured mercury flow rate J 

Hg 

JHg= ( ' i f ~ ) - ' ( 1 + 0 . 1 5 ~ ) N 0  'av 

where Xav is the average mean free path of mercury atoms in the channel. The first 
factor on the right side of equation (C2) is known as the Clausing factor and it corrects 
for the orifice length. The second parenthesis is an empirical correction factor which 
allows for  the possibility that the flow is not f r ee  molecular. 

The mean free path in general is related to the number density by the relation 
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where c is the neutral cross  section of mercury atoms, 7. 1X10-20 square meters.  The 
average mean f ree  path in equation (C2) is understood to be a spatial average of its value 
over the length of the orifice channel. By equation (C3), this is related to the spatial av- 
erage of the number density. This spatial average was taken as 

where n; is the atom density in the cavity behind the upstream hole, for  f ree  molecular 
flow, and nl is the atom density in the orifice channel near the downstream hole. 
These densities may be calculated from arrival rates by equations (Cl) and (C2), letting 
the second correction factor in (C2) go to 1 for free molecular flow. With the two cor- 
rection factors determined, equations (Cl) and ((2.2) yield a corrected atom density no 
inside the cavity behind the upstream hole for  a given vapor temperature T and mercury 
flow JHg . 

To obtain numerical values, one must make some reasonable estimate of the vapor 
temperature inside the hollow -cathode tip. External pyrometric and thermocouple mea - 
surements may differ from the actual inside temperature appreciably. The uncertainty 
in the density estimates, arising from lack of definite knowledge of this temperature, 
can be gaged by choosing two values that are believed to represent the extremes of the 
range of estimates of possible internal temperatures. 

The number densities of atoms a r e  calculated for a flow of 50 equivalent milliamperes, 
equal to 3. OX1017 atoms per second. It is clear from the table that the simple estimate 
of the density (and pressure) based on equation (Cl) and on a temperature anywhere in 
the range of 1300 to 5000 K would have yielded a value within about an order of magni- 
tude of those calculated with the corrections. 

Also, the spatial variation of the pressure over the length of the orifice channel r e -  
mains within the uncertainty of such an estimate. 
calculations, the assumption of uniform vapor density inside the cavity and the use of the 
uncorrected free-molecular -flow expression for  a f l a t  orifice is probably adequate. 

To determine the density distribution downstream of the orifice requires knowing 
the efflux pattern, and this in turn requires a knowledge of the flow regime inside the 
orifice. 

1 

Table ID lists the values of nl, no, and no for  the temperatures of 1300 and 5000 K. 

Therefore, for  order -of -magnitude 

The Knudsen number K is defined as 

h 

2R 
K = -  
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I 

and the numerical values obtained for the conditions prevailing in the orifice channel 
based on average mean free paths range from 0.15 to 0.3 for the temperatures between 
1300 and 5000 K. This means that the flow is in an intermediate regime between "slip 
flow" (0.015 < K < 0.15) and free molecular flow (K > 5), but much closer to the former 
than to the latter. 

In reference 8 (p. 33) an experimental slip-flow efflux pattern from a channel of 
L/R = 8 is shown to have a near-cosine distribution. 
a fair approximation, Knudsen's equation (eq. (B10) of ref. 8) describes the neutral ef - 
flux from the hollow-cathode orifice when no discharge is drawn from the cathode. 

These arguments indicate that, to 
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TABLE I. - COMPARISON OF CJURACTERISTIC PROPERTIES OF SPOT AND PLUME MODES 

Characteristics 
(typical values) 

Appearance 

Neutral flow, JHg, equi- 

Discharge current, JI, A 

valent mA 

Electron to atom ratio, 

JdJHg 
Discharge voltage, AVI, 

Plasma potential 
(with respect to cathoc~. 

V 

:),a v 
Electron density 
(0.5 cm from cathode), ne, 

Electron temperature, a Ve, V 

Estimated ionization 

electrons/m 3 

fraction, ne/n 

Tip temperature 
(pyrometer), K 
- 

[ntense spot within a few mm 
radius from exit hole 

-50 and higher 

2.0 

40 

13.5 

11 

1018 

0.5 

0.1 to 1.0 

1600 

-~ 

Plume 

Luminous bluish plume -like 
region extending from cathode to 
about two-thirds of distance to anode 

-50 and lower 

0.3 

6 

35 

11 

101' 

1.0 to 2.3 

0.01 to 0.1 

13 50 

'For region between cathode and anode. 
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TABLE II. - COMPARISON OF ESTIMATED ATOM DENSITIES 

5.4X1022 

AND MEASURED ELECTRON DENSITIES 

28 

b Distance from cathode 
along symmetry axis, 

. -  __ 
cm 

- ~ _ _ - -  __ - 

0. 5 5x1018 >lo18 
1.0 8X1Ol7 6x10l7 2x1016 
2.0 3 x 1 0 ~ ~  2 x 1 0 ~ 7  3 x d 5  

2.6X1023 

2 . 1 ~ 1 0 ~ ~  

absence of discharge, based on 50-equivalent-mA neutral flow. 
bAnode distance, 3 cm. 

135 

105 

TABLE LII. - COMPARISON OF NEUTRAL ATOM DENSITY 

ESTIMATES AND CORRESPONDING PRESSURES FOR THE 

INTERIOR OF THE HOLLOW CATHODE WITH A MERCURY 

FLOW OF 50 EQUIVALENT MILLIAMPERES 

I 

In orifice channel near 
downstream hole 

In cavity behind upstream hole: 

Free  molecular flow 

Corrected flow 

Temperature, T, K 

1300 

Density, 
atoms/m 3 

I. 1 x 1 0 ~ ~  

5. 

3. 6X1023 

Pressure,  
to r r  

14 

66 

46 

5000 

I 

17 aBased on flow rate, J - 3.OXlO atoms/sec. Hg - 
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Flow 

r Tanta lum tube, 
0.32-cm diam 

I 

2-Percent thor ia ted 
tungsten disk, 
0. I -cm th i cky  

Tanta lum fo i l  
inser t ,  b a r i u m  
carbonate coated 

\ 

diam hole 
T u n g s t e n - r h e n i u m  w i r e J  L A l u m i n u m  oxide 

CO-9174 
Figure 1. - Hollow-cathode tip. 

i Keeper (0.16-cm 
\ t a n t a l u m  wire)  
\ 

Fitting; cathode t i p 1  \ 
Vaporizer, Hollow- 

I 

0.6 cm 

0.23 cm 

M e r c u r y  
feed 

I I' 

\iHeater t e rm ina ls  
I 

I 
Heat sh ie ld ing  / 
(0.001-cm I 
tanta lum fo i l ) '  

Var iab le - 
distance 

Anode 
/ 

Figure 2. - Experimental a r rangement  of hollow-cathodes tests in bel l  jar. 

25 



F igu re  3. - Experimental ar rangement  in bel l  jar. 
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Hollow 

F igure  4. - Electr ical  c i r c u i t  schematic w i t h  keeper electrode in use. 

I 

0.3-cm long 

;-JJ 
/ I 

/ I /O. 0076-cm 
/ 

I LQuartz  tube, tungs ten  w i re  I 
/ 

/ 
I 

/ :Ceramic insu la t ion  0.1-cm 0.2-cm 0. i.d-9 d. 
LE lec t r i ca l  lead 

F igure  5. - Langmu i r  probe construct ion.  
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(a) Spot mode. 

(b) P lume mode. 

F igure  7. - V isua l  appearance of discharge in t h e  two modes. 

28 



8 
5 I' 
ai u Plume mode 0' 
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W 6  .- ,A depending o n  e lect ron 
/'Either spot o r  p lume mode 

/- 
I' 
I Spot mode 

m 

3 4  
0) 

0 

2 

n I I I d  " 
20 40 60 80 100 120 140 160 

Neutra l  m e r c u r y  flow, equivalent mA 

Figure 8. - Ranges of anode distance and n e u t r a l  flow for var ious discharge 
modes. 

Mode Cathode t o  
anode distance, 

cm 

0 spot 6 

High-voltage 6 
A Plume a 

plume 

1- 
1.2 1. a 2.4 3.0 

I 
. 6  

I 
0 

Discharge c u r r e n t ,  JI, A 

Figure 9. - Vol tage-current  character is t ics  of hol low-  
cathode discharge in var ious modes. Anode, 
14-centimeter-diameter c i r c u l a r  plate; n e u t r a l  flow, 
120 equivalent mil l iamperes. 
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Mode Discharge 

0 Spot 13.5 2.0 
A Plume 35 . 3  

V A  

.5 I I 1 I I I 
I" 

0 10 20 u1 40 50 60 70 
lo-[ Probe bias voltage, Vpr, V 

F igure  10. - Semilogar i thmic plots of typical  Langmu i r  probe traces. Posi t ion 
of probe, 1.0 cent imeter f rom cathode t i p  on  symmetry  axis. 
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Anode plane 

.5 1.0 1.5 2.0 2.5 
Distance from cathode, cm 

Mode Discharge 
V A  

I I I I I 
D 0 .5 1.0 1.5 2.0 2.5 3.0 

Distance from axis, cm 

(a) Positions along symmetry axis. (b) Radial positions in a plane 1 centimeter from cathode. 

Figure 11. - Electron density distribution in hollow-cathode discharge obtained with Langmuir probe. Approximate neutral 
flow, M equivalent milliamperes. 

Anode plane-, 

I 
I 
I 
I 
I 

Mode Discharge 
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V A  
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I I I I l a  
0 .5 1.0 1.5 2.0 2.5 3.0 0 .5 1.0 1.5 2.0 2.5 3.0 3.5 

Distance from cathode, cm Distance from axis, cm 

(a) Positions along symmetry axis. (b) Radial positions in a plane 1 centimeter from cathode. 
Figure 12. - Plasma potential distribution in hollow-cathode discharge obtained with Langmuir probe potential measured with respect to  cathode. 

Approximate neutral flow, M equivalent milliamperes. 

Mode Discharge 

0 Spot 13.5 2.0 
A Plume 35 .3 

V A  

Anode plane 

0 - 0 0 

0 

n r\ /. " P 
i3 

I I 1 I 1 -  
3.5 .5' 1.0 1.5 2.0 2.5 3.0 0 .5 1.0 1.5 2.0 2.5 3.0 

Distance from cathode. cm Distance from axis, cm 
(a) Positions along symmetry axis. (b) Radial positions in a plane 1 centimeter from cathode. 

Figure 13. - Electron temperature distribution in hollow-cathode discharge obtained with Langmuir probe. Approximate neutral flow, 50 equivalent milliamperes. 
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(a) Positions along symmetry axis. (b) Radial positions in a plane 1 centimeter from cathode. 

Figure 11. - Flectron density distribution in hollow-cathode discharge obtained with Langmuir probe. Approximate neutral 
flow, 50 equivalent milliamperes. 

Mode Discharge 

0 Spot 13.5 2.0 
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(a) Positions along symmetry axis. (b) Radial positions in a plane 1 centimeter from cathode. 

Figure 12. - Plasma potential distribution in hollow-cathode discharge obtained with Langmuir probe potential measured with respect to cathode. 
Approximate neutral flow, 50 equivalent milliamperes. (1 
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(a) Positions along symmetry axis. (b) Radial positions in a plane 1 centimeter from cathode. 

Figure 13. - Electron temperature distribution in hollow-cathode discharge obtained with Langmuir probe. Approximate neutral flow, 50 equivalent milliamperes. 
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(a )  Spot mode. 

F igure  14. - I l l u s t r a t i o n  of hypothetical sheath-edge posit ions in o r i f i c e  c h a n n e l  c ross  
section. 
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